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The nucleon elastic form factors are generally interpreted as a mapping of the charge and magnetic current
distributions of the proton and neutron. New high Q2 measurements have opened up fundamental questions
about Gep that remain to be answered. This talk will summarize current developments surrounding the nucleon
form factors and explain why they are important to neutrino physicists. New parameterizations of the nucleon
form factors, suitable for use by neutrino physicists, will be introduced and discussed.
1. Introduction
While the nucleon elastic form factors have
been measured for 50 years in e−N scattering,
recent measurements from Jefferson Lab have
shown unexpected structure in the ratio of
µpGep
Gmp
.
Understanding the new measurements has been a
major focus of the Jlab community. As the elas-
tic nucleon form factors are input for neutrino
simulations packages, it is important for neutrino
physicists to understand the nucleon form factors
and the current controversy.
This talk will begin by presenting an overview
of the nucleon form factors in Section 2. Section 3
will discuss two techniques for measuring the form
factors and briefly discuss the new Jefferson Lab
measurements. Section 4 motivates the role of the
nucleon form factors in neutrino physics. The talk
ends by presenting a new parametrization of the
form factors in Sections 5 and 6.
2. Overview
In the single-photon exchange approximation,
the nucleon elastic form factors arise in the elastic
electron-nucleon scattering cross section accord-
ing to:
dσ
dΩ
=
α2E′e cos
(
θe
2
)
4E3e sin
4
(
θe
2
) [G2eN + τεG2mN
]( 1
1 + τ
)
b(1)
where E is the incident electron energy, E′ is the
scattered electron energy, θe is the electron scat-
tering angle, and τ = Q
2
4M2
(with M being the
nucleon mass). ε =
[
1 + 2 (1 + τ) tan2 θe
2
]−1
is
the polarization of the exchange photon mediat-
ing the interaction. GeN is the nucleon electric
form factor, and GmN is the magnetic form fac-
tor. While unique form factors exist for both nu-
cleons, this paper will use GeN and GmN when
making statements that may be applied to both
the proton and neutron.
The form factors account for the effects of the
spatial size of the nucleons on the elastic cross
section. In Equation (1), the overall coefficient
of
α2E′e cos(
θe
2 )
4E3e sin
4( θe2 )
is known as the Mott cross sec-
tion, which is the standard cross section for elas-
tic scattering of point-like particles. The Mott
cross section was originally thought to explain
elastic electron-nucleon scattering. Rosenbluth
developed a cross section formula in 1950 that in-
troduced a “form factor” to account for the case
that the nucleon may not be point-like particle.
Rosenbluth’s formula came into wide use after
the Mott cross section formula failed to explain
early measurements from Hofstadter and McAl-
lister [2].
While there are various parameterizations of
the elastic nucleon differential cross section,
Equation (1) employs the Sachs form factors.
In the non-relativistic limit, these may be inter-
preted as the Fourier transform of the nucleon
charge and current distributions.
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23. Experimental Measurements
Over the years, two different techniques for
measuring the elastic form factors have been de-
veloped. The first, and oldest technique, is to per-
form a Rosenbluth separation, while the “newer”
technique involves using recoil polarization mea-
surements to extract the form factor ratio. The
next two sections will discuss each type of mea-
surement.
3.1. Early measurements: Rosenbluth
Separation
The earliest form factor measurements were
made in the 1950’s using a technique known as
Rosenbluth separation. Rosenbluth separation
takes advantage of Equation (1)’s linear depen-
dence on ε. The idea was fairly straightforward:
The elastic cross section was measured at various
values of ε by holding Q2 constant while vary-
ing θe. A line was fit to the resulting cross sec-
tion, and the fit parameters yielded the various
form factors - the intercept gave a measurement
of τG2mN , while the slope yielded G
2
eN .
Early measurements of the form factors ap-
peared to be fit well by a parameterization known
as the dipole form factor:
Gd =
(
1 +
Q2
Λ2
)−2
(2)
where Λ2=0.71 GeV2. Three of the four form
factors, Gep,
Gmp
µp
, and Gmn
µn
were well modeled
by this parameterization.
Despite the early success of the Rosenbluth sep-
aration, the method did have some weaknesses.
Because the method involved first measuring the
elastic cross section, it was susceptible to the sys-
tematic errors that are inherent in cross section
measurements. In addition, the method could
only produce precise measurement of GeN below
Q2 = 1GeV 2. At higher Q2, the GeN term is
damped by a factor of 1
τ
, as seen in Equation (1).
The cross section, then, becomes dominated by
GmN above Q
2 = 1GeV 2. Finally, the whole for-
malism rests on the assumption of single photon
exchange. While the measured cross sections are
correct for terms beyond one photon exchange,
the two photon exchange corrections to the form
Figure 1.
µpGep
Gmp
measured in Hall A at Jeffer-
son Lab [3]. Based on previous measurements,
we expected
µpGep
Gmp
to be flat and 1. However,
the new results here based on recoil polarization
measurements drop linearly in Q2. The curves
are for various model calculations, references to
which can be found in [3]. The shaded bar to-
wards the bottom of the plot represents expected
systematic errors.
factors are not well understood. Significant two
photon contributions to the cross section could
undermine the validity of the formalism.
3.2. Polarization Measurements
A second method of measuring the elastic
form factors involves scattering polarized elec-
trons from the nucleon, and then measuring or-
thogonal components of the nucleon’s recoil po-
larization. The ratio of the polarization compo-
nents is related to the ratio of the electric and
magnetic form factors by
GeN
GmN
= −
Pt
Pl
(Ee + E
′
e)
2M
tan
(
θe
2
)
, (3)
where Pl and Pt are longitudinal and transverse
(with respect to the nucleon momentum) compo-
nents of the nucleon’s polarization.
Because the measurement involves a ratio of
polarization components, many of the possible
systematic errors traditionally associated with
3the use of a polarimeter divide out of the measure-
ment. This method is viewed as being systemati-
cally more robust than measurements made with
a Rosenbluth separation.
3.3. Recent Jlab Measurements
While the recoil polarization measurements
have been made since the 1970’s, it was not un-
til recently that the two methods were shown to
disagree. Figure 1 shows data published in 2000
that was taken in Hall A at Jefferson Lab [3]. The
figure shows the ratio
µpGep
Gmp
. Based on experience
from earlier measurements employing the Rosen-
bluth Separation technique, we expected this ra-
tio to be approximately one as a function of Q2.
However, the newer data drop off linearly with
Q2.
This was a great surprise to the nuclear physics
community. The result has spawned much dialog,
scrutiny of older datasets, and a number of addi-
tional experiments attempting to verify, refute, or
explain the discrepancy. Further recoil polariza-
tion results from Jlab using the same experimen-
tal setup show that the discrepancy persists at
higher values of Q2 [4,5], while re-analysis of older
datasets show that the Rosenbluth measurements
are self-consistent [6]. Results from a “Super-
Rosenbluth” experiment, which attempted a pre-
cise Rosenbluth separation having systematic er-
rors comparable to the recoil polarization ex-
periments, are also consistent with older mea-
surements based on the Rosenbluth separation
method [7].
While the source of the discrepancy remains an
open question, current efforts focus on possible
two-photon contributions to the elastic ep cross
section [8,9,10,11]. The extent of this effect is
currently under investigation. If this mechanism
proves to explain the discrepancy, then the result-
ing errors will be more pronounced in the case of
the Rosenbluth form factors, making form factors
based on the polarization transfer technique pre-
ferred.
4. Neutrino Physics
The elastic nucleon form factors have direct
bearing on neutrino physics. The vector part
of the neutrino cross section can be expressed in
terms ofGVE andG
V
M , the vector electric and mag-
netic form factors. Through the conserved vector
current hypothesis, these form factors may then
be related to the elastic nucleon form factors mea-
sured in elastic eN scattering as shown by:
GVE
(
Q2
)
= Gep
(
Q2
)
−Gen
(
Q2
)
(4)
and
GVM
(
Q2
)
= Gmp
(
Q2
)
−Gmn
(
Q2
)
. (5)
Current neutrino simulation programs use the
elastic nucleon form factors to parameterize the
vector part of the elastic νA cross section. In light
of the recent controversy, it is important for neu-
trino physicists to understand the state of nucleon
form factor measurements and realize that there
are open questions that are currently being inves-
tigated. Attention must be paid to the field as it
develops over the next fews years, and parame-
terizations selected for used in simulations must
be chosen carefully. Ideally, one should employ a
parameterization with reasonable constraints at
both low- and high-Q2.
5. New Parameterizations
The recent controversy has lead physicists to
question the validity of the Gd parameterization.
Many new parameterizations have been devel-
oped [12,14] based on fits to experimental data.
We have developed a new parameterization
which builds on earlier work from our group [12]
and efforts by Kelly [14]. The parameterization
was developed by fitting a single functional form
for all four elastic form factors. Datasets used
in the fitting were similar to those used by Kelly
[14], although we did not include measurements
of mean nucleon radius in our fits. The data
emphasized measurements based on the polariza-
tion transfer technique and excluded Rosenbluth
measurements of Gep above Q
2 > 1GeV 2. For
this analysis, we have excluded the data requir-
ing large two photon exchange corrections in the
form factor extraction. A more complete analysis,
currently underway, would correct both the cross
section and polarization results for two photon
exchange, but is beyond the scope of this work.
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The functional form is given by
G
(
Q2
)
=
∑n
k=0 akτ
k
1 +
∑
k=1 bkτ
k
. (6)
While this form has been used by other parame-
terizations in the past [14], this is the first time
that this particular form has been employed for
all four form factors. We will refer to our pa-
rameterizations as the “BBBA05” form factors
throughout the rest of this talk.
An additional feature of our new parameteri-
zations is the implementation of two constraints
applied in the fitting. The first constraint comes
from local duality. R is defined as the ratio of
form factors. In the elastic limit, R takes the
form
RN
(
x = 1;Q2
)
=
4M2
Q2
(
G2eN
G2mN
)
(7)
As Q2 → ∞, Rn = Rp, so our first constraint
takes the form
(
Gen
Gmn
)2
=
(
Gep
Gmp
)2
(8)
A second constraint is based on QCD sum rules
and a further application of duality. In the elastic
limit, we can express the F2n
F2p
ratio as
(
F2n
F2p
)2
=
(
Gmn
Gmp
)2
(9)
In the ν →∞ andQ2 →∞ and fixed x limits, the
F2 form factor becomes a simple quark-counting
exercise
F2 = x
∑
i
e2i fi (x) . (10)
Inserting (10) into (9), we arrive at our second
constraint:
(
Gmn
Gmp
)2
=
1 + 4 d
u
4 + d
u
(11)
The value of d
u
is somewhat subjective. We ac-
tually ran three sets of fits, each with a different
value of d
u
=0, 0.2, or 0.5. Our preferred value
was d
u
=0.2.
5Figure 2. The solid black line shows the ratio of the BBBA05 form factors to Gd, and the dashed blue
line is the ratio of the Kelly form factors to Gd. The differences in the two parameterizations for
Gep
Gd
and
Gen
Gd
are due to the constraints applied to the BBBA05 form factors. All figures have a y-axis ranging
from Q2 = 0GeV 2 to Q2 = 30GeV 2. In the lower limit (Q2 = 0GeV 2), all ratios approach unity, except
for Gen, which approaches zero.
The above constraints were implemented by
scaling the high Q2 data-points of Gmp and then
adding these scaled points to the datasets for Gen
and Gmn during the fits. The “constraint data”
are not shown in the figures of this paper. While
we initially tried to apply the constraints explic-
itly to the fit parameters that determined the high
Q2 behavior of the less well-measured form fac-
tors, the convergence of the constraints was very
slow. We were looking for something to converge
around Q2 = 30GeV 2. Using these additional
data-points satisfied this criteria. Errors on the
“constraint data” were inflated to keep these ad-
ditional points from wielding too strong an influ-
ence on the fits.
Because the above constraints are all on
squares of form factors, one may argue about dif-
ferent sign conventions that one could use in the
application of the constraints, particularly at high
Q2, where many of the form factors are poorly
measured. At large Q2 values, where Gep and
Gen might change sign, their contributions to the
neutrino cross section are extremely small [13].
We ran fits with both signs for Gen and preferred
the positive Gen in the end. Gen < 0 yielded odd
oscillatory behavior in the constraint at the sign
change.
The plots that will be shown in this paper are
based on Gen > 0, and with
d
u
= 0.2. The fit
parameters are shown in Table 1.
6. Plots and discussion of new parameter-
ization
Plots of the new parameterizations are shown
in Figure 2. As shown in the figure, the BBBA05
parameterizations of GMp and GMn are close to
the Kelly form factors. However, the new func-
tional form and added high Q2 constraints cause
the BBBA05 parameterization of GEn to die off
much more quickly at high Q2 than does the Kelly
parameterization.
Plots demonstrating the behavior of the con-
straints are shown in Figures 3 and 4. The ratios
here both appear to satisfy the constraint at one
6Figure 3. The effect of constraining
(
Gmn
Gmp
)2
at high Q2 is demonstrated here. Gmn
Gmp
for the
BBBA05 parameterization (solid black line) in-
tersects the asymptotic value (blue dashed line)
at a single point around Q2 = 20GeV 2. Data
points are average ratios of available data across
bins 250 MeV 2-wide in Q2 where data exist for
the appropriate form factors.
point around Q2 = 20GeV 2. This behavior is a
related to our implementation of the constraints
as additional data-points (data from Gmp scaled
according to the constraints and added to the fit
datasets for Gen and Gmn). Hence, we claim that
our parameterization is valid up to approximately
Q2 = 18GeV 2.
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